Introduction
The sexual inducer of Volvox carten is a glycoprotein synthesized and released by sexual males at about the time they release sperm packets (Starr, 1970; Starr and Jaenicke, 1974) . The sperm cells were identified as being responsible for inducer synthesis (Gilles et al., 1981) . The Volvox inducer is one of the most potent biological effector molecules known: it exhibits full effectiveness in converting asexually growing males and females to the sexual pathway at 10-17 M (Starr, 1970; Gilles et al., 1984) .
For large-scale production of inducer it is necessary to grow the male strain asexually to a high population density and then continue with the synchronous induction of the sexual pathway. During the following generation all colonies would develop sperm packets which secrete the inducer. Unfortunately, up to now this experimental approach was hampered by an inherent biological 'switch' mechanism (Starr, 1972; Callahan and Huskey, 1980; Weisshaar et al., 1984) which cause 'spontaneous' sexual males to appear in an otherwise asexually growing culture at a frequency of up to 2 x 10-4. A single spontaneous sexual male produces sufficient inducer to trigger sexual development of the remaining Volvox suspension. This mechanism therefore prevents asexual growth to high population density, and this has previously allowed cultivation of males only in small volumes and at low population densities. This in turn was a main hindrance, of the detailed biochemical characterization of the inducer.
In this paper we describe a cultivation method which overcomes these difficulties, allowing large-scale production of sexual inducer. Furthermore, we describe a purification procedure IRL Press Limited, Oxford, England yielding homogeneous inducer and we report on the isolation of the inducer gene with the help of oligodeoxynucleotides which were derived from peptide sequences.
Results
Large-scale production of inducer With a simple experimental trick, we were able to prevent spontaneous sexual induction thus allowing large-scale production of the inducer. Since there is experimental evidence for an inducerharvesting and/or transporting system within the extracellular matrix Wenzl and Sumper, 1986) , we tried to destroy this system, and thereby to inhibit sexual induction, by mild proteolytic treatment of Volvox spheroids. In the experiment shown in Figure 1 increasing amounts of pronase were added to a Volvox population together with a sexual inducer 8 h before the onset of embryogenesis. Remarkably, pronase-mediated inhibition of sexual development is only effective in the embryogenesis that follows the application of the protease. The resulting asexual daughters fully regain the ability to be sexually induced by the glycoprotein. However, repeated pronase treatment can inhibit sexual induction again. The highly negatively charged extracellular matrix probably binds the protease immediately after its application, restricting its action to the extracellular matrix of the mother spheroid. Repeated pronase treatment allows asexual growth of males to high population densities even in large culture vessels.
The experimental protocol for large-scale growth of males is summarized in Table I . Using a 20-1 glass fermenter, the pro- Starr and Jaenicke (1974) reported the first partial purification procedure for the inducer, and additional purification steps (Gilles, 1983; Wenzl et al., 1984) were later shown to increase the specific activity of the inducer, indicating that the original procedure resulted in preparations containing < 5 % pure inducer. The following procedure, based mainly on h.p.l.c. purification steps, yields an inducer preparation, which appears homogeneous both in SDS-polyacrylamide gels and by analytical h.p.l.c. -chromatography (reversed phase C18). The culture fluid was first passed over a column of QAESephadex, which removes nearly 70% of all protein material. Chromatography on SP -Sephadex at pH 5 resulted in a further 10-fold purification of the inducer. The active fractions from the SP -Sephadex column were immediately concentrated and adjusted to 6 M urea, which efficiently prevents irreversible aggregation of the inducer, a problem which becomes increasingly serious with purer preparations (Gilles, 1983) , without inactivating its biological activity. H.p.l.c.-or f.p.l.c. -ion exchange chromatography on Mono S columns increases the specific activity -10-fold. Purification to homogeneity is achieved by h.p.l.c. on reversed phase RP-300 in 0.1 % trifluoroacetic acid applying a linear gradient of acetonitrile. Inducer activity elutes at 43% acetonitrile in a single sharp peak ( Figure 2 ). Table II gives a quantitative description of this purification procedure. The overall yield is remarkably high, > 50% of the original inducer activity is usually recovered. Characterization of the inducer An additional h.p.l.c. on hydroxyapatite did not increase the specific activity of the inducer indicating its homogeneity. However, analysis of the inducer on SDS -polyacrylamide gels resulted in a pattern of 2-3 bands with apparent molecular masses around 31 kd ( Figure 3 ). Since the inducer is a glycoprotein, different degrees of glycosylation could cause this apparent heterogeneity. Indeed, after deglycosylation with anhydrous HF, the inducer consists of a single polypeptide chain with an apparent molecular mass of 25 kd ( Figure 3B , lane 2).
The composition of neutral sugars of the inducer was determined after acid hydrolysis by capillary gas chromatography of their alditol acetates. The amino sugar content was evaluated using an amino acid analyser. Table III gives the mean values obtained from independent preparations.
For the elucidation of at least parts of the primary structure of the polypeptide it was necessary to first deglycosylate the in- Figure 4 . Wellseparated peaks were directly submitted to protein sequence analysis and a number of different peptides were found to be pure: all sequence information derived is summarized in Table IV . An additional peptide which could be sequenced was obtained from a digest with S. aureus protease: Leu-Phe-Lys-Pro-Thr-Thr-IleAsn-Glu. This is the N-terminal extension of the peptide no. 12 (Table IV) . Figure 5 ). The peptide sequence data from peptides 1 and 8 (Table IV) (Starr, 1972; Callahan and Huskey, 1980; Weisshaar et al., 1984) . In both these cases inducer synthesis is localized within the sperm cell. Recently, a third mode of activation was discovered: after heat shock conditions, somatic cells of both the female and the male strain are triggered to synthesize and to release the sexual inducer which then redirects development of the reproductive cells to egg-bearing or sperm-cell-bearing spheroids, respectively (Kirk and Kirk, 1986) . The molecular mechanisms activating the inducer gene in a temporally and spatially controlled manner are unknown, but gene rearrangement may be involved, as is the case in the mating type switch in yeast (Kushner et al., 1979; Nasmyth, 1983) .The cloned inducer gene used as a probe in Southern blots of genomic DNA from asexual and sexual males will allow us to prove or disprove this hypothesis.
The inducer gene was cloned using a Volvox gene bank constructed from DNA of asexually grown females, containing a silent inducer gene. Sequencing of parts of this gene clearly shows the existence of introns. Therefore, the complete evaluation of the primary structure of the inducer protein requires additional information obtained either from mRNA sequencing or from a sperm-cell-derived cDNA bank. Both experimental approaches are currently in progress. 
Materials and methods

Culture conditions
Volvox carterif nagariensis, strains HK 10 (female) and 69-lb (male) were from the Culture Collection of Algae at the University of Texas at Austin (R.C.Starr).
Synchronous cultures were grown in Volvox medium (Provasoli and Pintner, 1959) at 28°C in an 8-h dark/16-h light (10 000 lux) cycle (Starr and Jaenicke, 1974) .
Assay of inducer
The assay of inducer was carried out as described by Starr (1970) . One unit of inducer is defined as that amount which is required to produce 50% sexual progeny in 1 ml Volvox suspension.
Large-scale growth of strain 69-lb A Fembach flask containing 800 ml Volvox medium was inoculated with 200 spheroids of the male strain 69-lb. Two flasks are required as inoculum for the 20-1 glass fermenter. Immediately after the release of the daughter spheroids from the first and second generation, 0.9 Asg/ml pronase (stock solution 100 mg/ml, preincubated at 56°C for 15 min) was added to the culture fluid. The spheroids resulting from the third generation ( -250 000/1) were transferred to a 20-1 glass fermenter (Bioengeneering, type L 1523) containing 15 1 Volvox medium. 106 units of sexual inducer were added and cultivation was continued under permanent illumination at 13 000 lux. The culture was aerated with 2% CO2. The fmal generation produces -4 x 106 sperm-cell-bearing spheroids and at the time of disintegration of sperm cell packets the culture fluid was collected by filtration over glass wool. Purification of sexual inducer Fifteen litres culture fluid were passed over a QAE -Sephadex column (600 ml bed volume) equilibrated in Volvox medium. Inducer fails to adsorb to QAE-Sephadex and appears in the flow-through. This flow-through was adjusted to pH 5 with acetic acid. Under gentle stirring 150 ml of SP-Sephadex was added and stirring was continued for 12 h at 4°C. After sedimentation of the SP-Sephadex, the supernatant was removed and discarded, and the SP-Sephadex was collected in a glass column and washed with 5 mM sodium acetate pH 5. Elution of inducer was achieved with 100 mM sodium acetate pH 5.0. After addition of 3.6 g urea, the eluate (-400 ml) was immediately concentrated to 40 ml in a rotary evaporator. The concentrated solution was extensively dialysed against 6 M urea and inducer was further purified using a Mono S cation-exchange column (Pharmacia) and h.p.l.c. system. The inducer solution was loaded using a 50 ml Superloop (Pharmacia). Elution was carried out using a linear 0-50 mM gradient of NaCl in 5 mM sodium acetate and 2 M urea, applied over a 60-min period with a flow rate of 1 ml/min. Active fractions were adjusted to 0.1 % trifluoroacetic acid and 10% acetonitrile and directly applied to a reversed phase C18 RP-300 column (Kontron). A linear 10-30% gradient of acetonitrile in 0.1 % trifluoroacetic acid was applied over 10 min, then the acetonitrile concentration was raised to 60% over a period of 60 min at a flow rate of 1 ml/min. Inducer eluted at 43% acetonitrile and the active fractions were immediately neutralized with pyridine. Salt-free inducer solutions were obtained by gel permeation chromatography on Sephadex G 25 fine. Deglycosylation of inducer Deglycosylation was achieved with condensed HF according to Mort and Lamport (1977) , with the modification described by Wieland et al. (1983) . Sugar analysis Inducer was hydrolysed in 40% trifluoroacetic acid at 100°C for 4 h. Neutral sugars were analyzed by g.l.c. as their alditol acetates (Laine et al., 1972 ) on a Durabond 1701 capillary column (30 m, ICT Laboratories, Frankfurt). Amino sugars were analysed using an automated amino acid analyser (LC 5000, Biotronic, FRG) after hydrolysis of the samples at 100°C for various times.
Proteolytic digests Deglycosylated inducer (30-60 tg protein) was digested with 1 ug trypsin (TPCKtreated) in 0.1 M N-ethyl-morphlinoacetate pH 7.5 containing 0.2 mM CaCl2.
Digestion was performed for 3 h at 37°C and after the addition of a further 1 ltg trypsin incubation was continued overnight. Digestion with chymotrypsin (TLCK-treated) was performed as described for trypsin. Peptide separation Peptides were chromatographed on a LiChrosorb reversed-phase C18 column (Merck). A linear 0-60% gradient of acetonitrile in 0.1 % trifluoroacetic acid was applied over a period of 120 min at a flow rate of 1 ml/min. Peptide sequencing Sequence analysis of peptides was performed on an automated gas-phase amino acid sequencer (Applied Biosystems) and the PTH derivatives were detected by reversed-phase h.p.l.c. as described by Lottspeich (1985) .
Screening of the X-EMBL 3 genomic library Hybridization of recombinant plaques was done essentially as described by Maniatis et al., 1982, but (Sanger et al., 1977; Hattori and Sakaki, 1986 ) using 35S-labelled a-thio-dATP and synthetic oligodeoxynucleotides as primers. Subclones of DNA in the vector pUC 18 were prepared as described (Hattori and Sakaki, 1986) . The nucleotide sequence shown in Figure 5 was sequenced in both directions. Synthetic oligodeoxynucleotides Oligodeoxynucleotides were synthesized on an Applied Biosystems DNA synthesizer.
